Tip-enhanced Raman spectroscopy (TERS) is a powerful technique that integrates the vibrational fingerprinting of Raman spectroscopy and the sub-nanometer resolution of scanning probe microscopy (SPM). As a result, TERS is capable of obtaining chemical maps of analyzed specimens with exceptional lateral resolution. This is extremely valuable for the study of interactions between molecules and substrates, in addition to structural characterization of biological objects, such as viruses and amyloid fibrils, 2D polymeric materials, and monitoring electrochemical and photo-catalytic processes. In this minireview, we discuss the most significant advances of TERS, including: super high resolution chemical imaging, monitoring of catalytic processes, incorporation of pulsed-excitation techniques, single-site electrochemistry, biosensing, and art conservation. We begin with a short overview of TERS, comparing it with other surface analytical techniques, followed by an overview of recent developments and future applications in TERS.
Introduction
The ability to observe chemical process on solid surfaces at molecular length scales makes manipulating and controlling reactions at the single molecular level possible. Probing individual molecules and surface sites allows one to obtain information that may otherwise be obscured due to ensemble averaging, making nanoscale spatial resolution important. Among the various classes of techniques utilized to probe solid surfaces, surface vibrational spectroscopy has gained enormous attention due to its ability to understand the structure-property relationship of nanoscale structures and their chemical interactions with solid surfaces. However, classical spectroscopic techniques, including infrared, ultravioletvisible, Raman, and fluorescence spectroscopy, which are commonly used for such studies, are limited in terms of their spatial resolution to about half the wavelength of the light because of the Abbe diffraction limit. Recently invented super-resolution microscopy, such as photoactivated localization microscopy (PALM) and direct stochastical optical reconstruction microscopy (d-STORM), have provided a pathway for overcoming the Abbe diffraction limit in selected cases [1] [2] [3] . However, super-resolution microscopy has a major drawback, namely it requires labeling since not every molecule is fluorescent.
At the same time, Raman and IR spectroscopy are indispensable tools for the collection of chemical signatures pertaining to surface defects, mechanical deformation and thermal properties. Infrared spectroscopy and Raman spectroscopy have been extensively used for probing the vibrational states of gases, liquids and solids. In infrared spectroscopy, molecules absorb incident photons having energies equal to the energy differences between the ground and vibrational excited state of each IR-active molecular normal mode. On the other hand, in Raman spectroscopy, a molecule is first excited to a virtual or real electronic state and then relaxes back to the ground state concomitant with the emission of a photon with an energy different from the incident wavelength by an amount equal to a vibrational quantum (inelastic scattering). Both techniques produce weak signals and generally require a large number of molecules to produce detectable signals.
Scanning probe microscopy (SPM) does not require light for sample imaging. Instead, a metal or silicon probe is used to obtain topographic information and physical properties of analyzed specimens. There are two major modalities of SPM: scanning http://dx.doi.org/10.1016/j.cplett.2016.06.035 0009-2614/Ó 2016 Elsevier B.V. All rights reserved.
tunneling microscopy (STM) and atomic force microscopy (AFM). In addition to the topography, SPM can be used to acquire electronic signatures of nanostructures. For instance, STM inelastic electron tunneling spectroscopy (IETS) has made it possible to identify the chemical fingerprint of a molecule adsorbed on a conducting surface [4] . This technique, however, requires the sample to be measured at cryogenic temperatures to avoid thermal smearing of electron energies. The IETS spectra have poorly understood selection rules, and the number of observable modes is limited compared to other vibrational spectroscopic techniques.
In 2014, high-quality tip-enhanced IR spectroscopy was reported by Lu et al. [5] . Enhanced signal was collected from samples as small as monolayer islands, and the authors attained sensitivity exceeding that obtained by the best scattering nearfield scanning optical microscopy (s-NSOM) systems. An estimated $300 molecules interacting with the AFM tip corresponded with an experimental sensitivity of $30 molecules. However, optimizing the tip plasmon resonance to enhance the entire broadband spectrum required for IR spectroscopy needs to be further developed.
Tip-enhanced Raman spectroscopy (TERS) is a new powerful analytical technique that is capable of unraveling structural organization of the analyzed specimens with sub-nanometer spatial resolution. In TERS, scanning probe microscopy is coupled with Raman spectroscopy. Illumination of noble metal nanostructures at the apex of a scanning probe with electromagnetic radiation causes collective electron oscillations on the metal surface, known as localized surface plasmon resonances (LSPR). LSPR induces intense local electromagnetic fields, causing a drastic (10 8 ) enhancement of the Raman scattering signals emanating from molecules located in a close vicinity to the metal surface. Therefore, spatial resolution in TERS is determined by the confinement of the electromagnetic field and not by the wavelength of the illuminating light [6] [7] [8] [9] [10] . In addition to continuous-wave excitation, pulsed electromagnetic radiation can be used. This allows for studying molecular dynamics near plasmonic surfaces, which elucidates mechanisms of plasmon-mediated chemical reactions, such as plasmonicallyenhanced photocatalytic or photovoltaic processes.
Optical excitation of a noble metal SPM probe creates a highly confined electromagnetic field at the tip-sample junction, which provides significant enhancement to the Raman scattering, infrared absorption, and fluorescence signals. With the presence of a plasmonic metal tip in close proximity to the surface (usually within a few nanometers), field enhancement allows vibrational signatures of one or a few molecules to be quantitatively detected and unambiguously identified. Unlike fluorescence spectroscopy, Raman spectroscopy is a relatively non-perturbative technique that does not require labels. The use of excitation overlapping the molecular resonance of the analyte can provide a resonance Raman contribution and a subsequent enhancement on the order of 10 4 to 10
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. With this contribution, single-molecule detection can be achieved. Single-molecule detection was confirmed using a low surface coverage argument, but also included spectral fluctuations and discrete signal losses as further confirmation [11] . The first single-molecule work combined with STM topographic scanning was published by the Pettinger group, in which they analyzed BCB molecules on a smooth Au substrate using an Ag tip [12] . Sonntag et al. illustrated single-molecule detection using molecular diffusion and frequency shifts created by using the isotopically labeled R6G, so called the isotopologue approach, originally developed for single-molecule surface-enhanced Raman spectroscopy (SMSERS) [13] . The TERS signal switches between the isotopes as the molecules diffuse in and out the tip-sample junction. The detection of vibrations from single molecules makes TERS a powerful tool to study site-specific chemical structure and reactivity.
Concepts

Spatial resolution
The sub-nanometer spatial resolution of TERS allows for the unraveling of molecule-substrate interactions. Moreover, using TERS, individual molecules can be imaged on atomically flat metal surfaces. In the first TERS paper, Stöckle et al. recorded 25 spectra along the boundary of (BCB) film dispersed on a glass support using a Ag-coated AFM tip [6] . It was shown that only Raman spectra acquired over the BCB region exhibited the signature of the dye molecule. Stöckle et al. concluded that spatial resolution is limited to a size of an apex of the metal-coated tip.
Concurrent SPM imaging supplements TERS with topographic information. More importantly, monitoring spectral changes when the tip is moved across the surface can address the spatial resolution directly. Both Deckert and co-workers [14] and Kawata and co-workers [15] have independently demonstrated sub-2 nm resolution TER images under ambient conditions (Fig. 1a and b) . Published in Nature in 2013, Zhang et al. has further energized this field with their demonstration of sub-nm spatial resolution in the detected Raman signal of a porphyrin under ultrahigh vacuum conditions, as shown in Fig. 1c [16] . The obtained TER images allow for visualization of the inner structure of a single molecule. Also demonstrated in this work was the ability to correlate the observed Raman signal with a molecule's local environment using TER imaging. This work has raised single molecule chemical imaging to an unprecedented level and sets the stage for future super high-resolution chemical imaging studies.
Chemical information
Another advantage of optical spectroscopy is its abundant chemical information. Chemical identification considerably enhances the usefulness of SPM, especially on poorly defined surfaces of technological interest. In 2012, Jiang et al., for the first time, resolved multiple vibrational modes for large polyatomic molecular adsorbates on a solid surface in collected TER spectra obtained concurrently with molecular resolution topographic SPM imaging [17] . Furthermore, electronic structure calculations and simulated Raman spectra were carried out using densityfunctional theory. The atomic motions involved in each mode have been detailed. This work allows the relationship between large polyatomic molecular adsorbates and solid surfaces to be quantitatively and unambiguously interrogated. Additionally, the theories of resonance Raman scattering have predicted dependence of the Raman intensity on the excitation wavelength. Recently, multiple excitation wavelength TERS has been realized for the first time on a porphyrin molecule under UHV conditions [18] . As shown in Fig. 2 , the excitation wavelengths were chosen to coincide with individual Q-bands of the porphyrin, allowing the authors to successfully resolve the spectral differences of different vibronic states. Furthermore, simultaneous collections of TERS and tip-enhanced fluorescence with the same tip were demonstrated for the first time.
Beyond fingerprinting identification, TERS can also unravel the intricacies of adsorbate-substrate interactions that are inaccessible by other means. Klingsporn et al. compared the TER spectra of Rhodamine 6G (R6G) on Ag(1 1 1) surface at different temperatures [19] . Theoretical analysis determined that the observed spectral changes upon sample cooling were due to the strong interaction between the ethylamine substituents and the Ag surface. Liu et al. used fishingmode TERS to observe whether the tip-surface junction is bridged by a single molecule. The clear correlations between the Raman spectra and the measured conductance indicated that TERS could be used to reveal the molecular structure in the tip-sample gap [20] . The Weckhuysen group successfully monitored a photocatalytic reaction using TERS by a dual-wavelength approach [21] . A photocatalytic reduction process was induced at the apex of the tip with green laser light, while red laser light was used to monitor the transformation process during the reaction. TERS is unique in enabling the study of molecular dynamics and chemical reactions at the nanometer scale because of its localized enhancement to collect chemical signatures from single molecules. These results present new opportunities for the study of surface functionalization, molecular interactions, catalysis, and related interfacial phenomena.
Temporal resolution
Furthermore, optical spectroscopy includes the possibility of using ultrafast pulsed-laser excitation for temporally resolved study. Recently, improving the temporal resolution possible with TERS has proven to be non-trivial. With the predominant use of continuous-wave lasers in TERS, resolving molecular dynamics on the timescales on which they occur is seldom possible. Notable exceptions include when the process under study takes place on the timescale of seconds [21] , such that the kinetics can be monitored in successive spectral acquisitions. As a result, conventional TERS is blind to processes occurring on the order of milliseconds or faster, which unfortunately excludes the study of important transient physical phenomena.
Processes occurring at ultrafast timescales are critical to the function of chemical systems, both natural and man-made. Reaction intermediates and transition states are vital to the progression of chemical reactions and the turnover of catalysts but only exist ephemerally. Exciton generation and charge transfer dictate the performance of molecular electronics and photovoltaics, but exciton lifetimes are also short-lived. In order to spectroscopically investigate such transient processes and species, nonlinear techniques are required. Extending these studies to the nanoscale may become possible upon incorporating ultrafast spectroscopic techniques with TERS.
Raman spectroscopy is particularly well suited to study processes in chemical systems because Raman bands are specific to molecular structure and symmetry. In turn, ionization, isomerization and chemical reaction products, to name a few, are distinguishable from the initial species through their Raman vibrational signatures. Though traditional Raman spectroscopy suffers from the poor temporal resolution mentioned above, multiple pump-probe Raman techniques have been pioneered over the last few decades through the use of pulsed laser systems. These techniques notably include femtosecond-stimulated Raman spectroscopy (FSRS) [22] and coherent anti-Stokes Raman spectroscopy (CARS) [23] .
Using stimulated Raman techniques, the time evolution of excited states has been discerned for numerous systems. Kukura et al. used FSRS to track the geometry of rhodopsin during the isomerization responsible for the detection of light in our retinae [24] . Fang and coworkers utilized FSRS to track the reaction coordinate of green fluorescent protein during the excited state proton transfer that leads to its fluorescence [25] . By analyzing the time evolution of chromophoric Raman band frequencies, the skeletal motions responsible for the creation of the highly fluorescent state were identified. The Wasielewski group applied FSRS to a donor-acceptor molecule and were able to glean insight into the lifetime and character of the charge-transfer excited state [26] . These reports and many others highlight the capabilities of nonlinear Raman experiments toward investigating chemistry on femtosecond and picosecond timescales.
While nonlinear Raman studies are typically limited to strongly scattering analytes due to the inherent weakness of the Raman process, groups have recently begun utilizing plasmonic enhancement to extend the detection limit. The Van Duyne group pioneered surface-enhanced FSRS (SE-FSRS) [27] , demonstrating $10 4 to 10 6 signal enhancement using Au nanoantennas. Further work illustrated that Fano-like couplings between molecule and plasmon cause dispersive lineshapes in SE-FSRS [28] . Surprisingly, the nearby plasmon was not found to affect the vibrational dephasing time. The Apkarian group investigated vibrational wave packet motion in surface-enhanced CARS (SE-CARS) [29] . Phase fluctuations were detected over the course of several picoseconds, which the authors attributed to single-molecule detection. Researchers in the Halas group systematically verified single-molecule sensitivity in SE-CARS using the bianalyte approach, reporting a total enhancement $11 orders of magnitude over spontaneous Raman scattering [30] . Significant progress has been made recently toward incorporating nonlinear techniques with TERS. Pulsed laser sources are required for ultrafast TERS, and along these lines Klingsporn et al. demonstrated spontaneous TERS using picosecond excitation and observed the signal to decay over the course of tens of seconds as a result of reactive decay chemistry due to small molecules present in ambient [19] . Along these lines, Pozzi et al. reported the benefits of performing pulsed-excitation TERS in UHV, wherein no irreversible signal loss was observed [31] (see Fig. 3 ). Tip-enhancement was also evidenced in stimulated Raman studies. Researchers in the Kawata group obtained images of the CARS signal for a particular adenine Raman band and reported a plasmonic enhancement factor of $100 in the presence of a Ag-coated tip [32] . Wickramasinghe et al. demonstrated high sensitivity in stimulated TERS, reporting billion-fold enhancement of an azobenzene thiol band when compared to spontaneous TERS [33] .
While significant advancements have been made in the field, some issues remain unresolved. For example, high peak powers within individual laser pulses cause intense electromagnetic fields and likely heat at the tip-sample junction, potentially affecting the stability of molecules in the enhancing region. Unwanted chemical reactions and surface diffusion may result, especially when performed in ambient. As a result, particular molecular systems are expected to be more stable than others under pulsed irradiation. Changes in the fine structure of the probe are also possible in analogy to previous studies on plasmonic colloids and surfaces [27, 34] , and preferred probe geometries and compositions may be discerned.
The successful combination of broadband stimulated Raman techniques with TERS will enable investigation of transient behavior in molecular systems with nanoscale spatial resolution. Sub-populations and potentially single molecules may be interrogated, allowing surface sites and adsorption configurations to be differentiated and correlated with transient kinetics. Resulting experiments have the potential to characterize ultrafast processes at the molecular level with unprecedented detail.
Applications
Applications of TERS in material and life sciences
A growing body of evidence demonstrates that TERS can be successfully utilized in various research areas ranging from materials and life sciences to conservation art science. For example, it has been shown that TERS is capable of detecting small defects and contaminations in graphene sheets [35] [36] [37] [38] . Shaffel et al. found that intensity of the graphene D band (1350 cm À1 )
significantly increased in the presence of graphene defects, as well as at the edges of graphene sheets [39] . At the same time, in-plane modes, such as G band, were found to be weakly enhanced because of their non-optimal orientation perpendicular to the tip [40] . These studies showed that TERS can be used to probe electronic properties of carbon 2D materials. Recently, Peica et al. demonstrated that TERS can be utilized to probe structural organization of 3D carbon materials, such as carbon nanotubes [41] . Specifically, using TERS, single-walled carbon nanotubes could be identified within a carbon nanotube bundle.
Separately, Yano et al. showed that mechanical properties of carbon nanotubes can be explored by TERS [42] . It has been found that an increase in pressure on the nanotube induced by AFM tip caused a shift in the G mode frequency on around 10 cm À1 . These studies revealed that TERS can be utilized to investigate properties of 2D and 3D carbon materials at the nanoscale. Additionally, Van Schrojenstein et al. showed that TERS could be used to monitor photocatalytic conversion of p-nitrothiophenol adsorbed on gold nanoplates [43] . This study demonstrated that TERS allows one to overcome averaging effects of standard experiments and is able to study chemical reactions and molecule dynamics at the nanoscale.
Label-free high-resolution examination of chemical composition possible in TERS makes it an attractive technique for the structural characterization of complex biological systems, such as cells, viruses or bacteria. For example, a TERS study of a single tobacco mosaic virus revealed the presence of both coat proteins and RNA components on its surface [44] . Separately, Böhme et al. demonstrated that protein and lipid components can be resolved on the cell surface using TERS [45] . In the acquired TER spectra authors also observed vibrational modes originating from oligosaccharides. Using advance spectral processing algorithms Richter et al. showed that using TERS both protein and lipid domains could be differentiated at the nanometer scale [46] .
Macromolecules and protein aggregates, such as DNA, RNA, amyloid and collagen fibrils, were also extensively studied by TERS. For example, the high spatial resolution of TERS allowed researchers to resolve individual nucleobases on both RNA and DNA strands [47, 48] . It was demonstrated that all four nucleobases could be identified on both RNA and DNA strands [49, 50] . Recently, Lipiec et al. reported that, using TERS, molecular structure of terminal groups at DNA fragments can be probed, which consequently allowed the authors to identify double strand breaks of DNA [51] . Based on the acquired TER spectra authors proposed that UV radiation likely causes C@O band cleavage.
Amyloid fibrils are b-sheet rich protein aggregates that are strongly associated with various neurodegenerative diseases [52] . TERS studies of insulin fibrils revealed that their surface is heterogeneous from the viewpoint of both protein secondary structure , t acq = 30 s) plotted above averages of 12 ps TER engaged spectra with signal/noise ratios above 12 (red) and 12 retracted spectra (gray) from (A). Black lines represent individual and composite peak fits. The included scale bar applies to all plotted spectra. Reprinted with permission from Ref. [31] .
and amino acid composition [14, 53] . It has been shown that only around a third of insulin fibril surface was composed of b-sheet, which may template aggregation of misfolded protein, while the b-sheet integrity, is much more abundant in a-helix/unordered protein clusters. TERS was also utilized to probe surface organization of insulin fibril polymorphs with different topologies: flat, tape like and twisted [54] . It has been found that surfaces of these polymorphs have distinctively different amino acid composition and protein secondary structures. Also, for the first time the surface of filaments, precursors of fibril, was investigated. Comparison of amino acid propensities and protein secondary structures on the surface of the filaments with mature fibrils elucidated the mechanism of filament propagation into mature insulin fibrils.
These studies also revealed the challenges faced by TERS for the investigation of structural organization of complicated macroscopic biosystems. First, many biological molecules, such as amino acids and lipids, often have the same chemical groups, which consequently will give the same vibrational bands in Raman spectra. Therefore, it is often difficult to achieve unambiguous assignment of the vibrational bands and consequently identify these molecules [55, 56] . Secondly, TER spectra acquired form protein molecules often lack amide bands, which limits their utilization for determining protein secondary structure. Kurouski et al. has recently proposed that this can be due to a distancing of the peptide bond from the rough metal surface of STM or AFM tip by amino acid side chains [57] . However, it is likely that other factors, which are yet unknown, can contribute to the amide bonds suppression [56] . Finally, the short lifetime of SPM probes and their possible contamination during spectral acquisition limits TERS imaging of large areas of biological objects, such as cells.
Applications of TERS in art conservation science
Confirmatory, non-destructive and non-invasive identification of colorants in situ is highly important for the understanding of historical context and for the long-term preservation of cultural heritage objects [58] [59] [60] . It was recently demonstrated that TERS can identify indigo dye and iron gall ink in situ on Kinwashi paper [61] . In this proof-of-concept work, Ag-coated AFM tip was approached at the surface of the paper and illuminated it with 532 nm laser radiation. TER spectra were directly acquired from the paper using low laser powers ($0.2 mW) and fast acquisition times (3-10 s) avoiding any damage or photo-degradation to the dyed paper. Authors demonstrated that TER spectra collected from Kinwashi paper dyed in 0.5 M indigo solution exhibit vibrational bands originating from indigo, cellulose and its monomer glucose. This study revealed that, using TERS, organic dyes can be non-destructively and non-invasively identified directly on artwork. It also showed that TERS was able to resolve chemical composition of the paper down to its monomers.
Authors also demonstrated that TERS can be utilized for identification of iron gall ink on historical documents. For example, a fragment of the latter dated to the 19th century with a hand written text was investigated by positioning a Ag-coated AFM tip on a single fiber of paper near the circumference of one of the cracks, as shown in Fig. 4D (red arrows) . The acquired TER spectra exhibited vibrational modes corresponding to gallic acid, the main component of iron gall ink, and glucose, a cellulose monomer. These results indicated that TERS allowed for the identification of individual components in the complex chemical mixture such as iron gall ink, which could not be achieved using normal Raman spectroscopy even with higher powers and longer acquisition times. This work demonstrated the great potential of TERS as an additional spectroscopic tool for minimally invasive compositional characterization of artworks in situ and opened exciting new possibilities for cultural heritage research.
Electrochemical scanning probe microscopy and TERS
Chemical and physical processes that take place at solid/liquid interfaces have been intensively investigated in recent years [62, 63] . These studies allowed researchers to understand fundamental mechanisms of electron and ion transfers at the solid/liquid interfaces and consequently were the basis for different batteries, . TER spectra of (A) iron gall ink spot on 19th century historical paper engaged (blue) and retracted (black). TER spectrum of (B) the AFM Ag-coated tip removed from the fiber immediately after data acquisition. Normal Raman spectrum of (C) gallic acid powder. Fragment of 19th century letter (D) and a micrograph of the paper crack (E). Red arrow indicates the spot where the AFM Agcoated tip was positioned. Peaks corresponding to the vibrational modes of glucose are marked by ''G". The asterisk (⁄) indicates the peak at 521 cm À1 which results from silicon on the AFM tip. TER spectra acquired using k ex = 532 nm; t acq = 4 s; P ex % 0.36 mW. Normal Raman spectrum acquired using k ex = 785 nm; t acq = 10 s; P ex % 1 mW. Reprinted with permission from Ref. [52] .
semiconductors, fuel cells, and solar cells [64] . Cyclic voltammetry in general and scanning electrochemical microscopy (SECM) and scanning electrochemical cell microscopy (SECCM) in particular, are commonly used to study electrochemical reactions at solid-liquid interfaces [65] [66] [67] . Precise measurements of the current and voltage allow one to acquire valuable information about chemical and physical processes at the interfaces, such as diffusion, adsorption, electron and ion transfers. Applications of other techniques, such as quartz crystal microbalance (QCM) [68] , infrared, Raman and surface enhanced Raman spectroscopies [69, 70] have drastically expanded our understanding about electrochemical processes at solid/liquid interfaces. The invention of SPM significantly impacted studies of solid/liquid interface processes because of its ability to acquire information about the surface structure with atomic resolution in real time and real space. In particular, it was found that adsorption-desorption reactions of hydrogen is strongly dependent on the crystallographic orientation of platinum [71] . Development of electrochemical SPM (ECSPM) by coupling STM with electrochemistry brought substantial progress in surface and interface research [72] [73] [74] . In this setup, the bias potential of the STM tip and the sample can be separately controlled using a bipotentiostat. This allowed researchers to study surface reactions at the nanoscale and manipulate surface objects, as well as monitor oxidation-reduction conversion of the single molecule [66, 75] .
The Van Duyne group has recently demonstrated the first AFM electrochemical TERS (EC-TERS) [76] . Kurouski et al. investigated nanoscale redox behavior of Nile Blue (NB) and compared these results with conventional cyclic voltammetry (CV). NB undergoes two electron, one proton reduction at negative potentials ($À0.5 V vs Ag/AgCl) at pH above 6. While the oxidized form of NB (NB O ) absorbs light at $630 nm, the reduced one (NB R ) lacks absorption in this spectral region. Instead, it exhibits several absorption bands in the near-UV (261, 362 and 405 nm). In the EC-TERS experiment, NB was adsorbed onto indium tin oxide (ITO) film, which was used as the working electrode (WE). Pt and Ag/AgCl were used as the counter and reference electrodes respectively. After the Au-coated AFM tip was positioned on the WE, changes in acquired TER spectra were monitored as the potential was swept from 0.0 to À0.6 V vs Ag/AgCl and returned back to 0.0 V vs Ag/AgCl (Fig. 5) . Kurouski et al. found that overall intensities of the spectra decreased with a decrease of the potential, in agreement with the change in electronic state, from NB O to NB R . As the potential was swept from À0.6 V back to 0.0 V, $75% of the initial spectral intensity returned, demonstrating reversibility of the monitored redox reaction of NB under the AFM.
Recently, the Ren group reported that STM EC-TERS could be utilized to monitor arrangements of (4 0 -(pyridin-4-yl)biphenyl-4-yl) methanethiol (4-PBT) on Au(1 1 1) as a result of its protonation and deprotonation [77] . The authors pointed out that such information about potential-dependent re-configuration of 4-PBT could not be obtained from EC-SERS experiments. This work demonstrated that insulation of STM tips, necessary for reducing Faradaic current from tip shaft, could be successfully achieved. Zeng et al. proposed to embed freshly etched Au or Ag wire into polyethylene glue, which allowed the tip apex to remain plasmonically active [77] . These findings demonstrate that TERS can be successfully used to monitor electrochemical processes at the nanoscale. They show that, using TERS, one can understand how the number of molecular binding sites changes the electrochemical properties of the molecule, including its formal potentials and the electron transfer kinetics. One can expect that these findings will help to develop our understanding of plasmon-driven electron transfer as well as to improve the performance of solar cells and batteries.
Concluding remarks
With the aid of TERS, the unambiguous and quantitative interrogation of individual molecules can be explored in detail. Simultaneous detection of SPM topography and vibrational signatures makes TERS a powerful tool for studying light-matter interaction at the single-molecule level. TERS can be performed in a variety of environments (UHV, controlled atmosphere, liquid) and at variable temperatures. The capability of combining pulsed laser excitation with TERS gives the opportunity of performing measurements with simultaneous high spatial and temporal resolution.
The recent applications of TERS has been demonstrated in various research areas ranging from electrochemistry to art conservation science. It shows that TERS can be used to investigate structural organization of biological specimens, such as cell membranes and amyloid fibrils. Using this powerful analytical technique, amino acid composition and protein secondary structure on the surface of these physiologically active species could be unraveled. Moreover, TERS can be used to unravel physical properties and defects in polymeric materials. The review also shows how TERS can be utilized to monitor electrochemical and photocatalytic reactions. Sub-nanometer spatial resolution and single-molecule sensitivity of TERS makes it highly desirable for probing electrochemical and electrocatalytic reactions at different surface sites, such as lattices, edges and vacancies. One can expect that these findings will transform our understanding about catalysis, electron transfer and energy storage. Therefore, TERS has the potential to have great scientific impact through understanding site-specific chemical reactivity at surfaces.
